We investigate the generation of an electric current from a temperature gradient in a twodimensional Weyl semimetal with anisotropy, both in the presence and absence of a quantizing magnetic field. We show that the anisotropy leads to doping dependences of thermopower and thermal conductivities which are different from those in isotropic Dirac materials. Additionally, we find that a quantizing magnetic field in such systems leads to an interesting magnetic field dependence of the longitudinal thermopower, resulting in unsaturated thermoelectric coefficients. Thus the results presented here will serve as a guide in achieving high thermopower and thermoelectric figure-of-merit in graphene-based materials, as well as organic conductors such as α-BEDT-TTF2I3.
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I. INTRODUCTION
Since the discovery of Dirac materials in both two and three dimensions, there has been an upsurge in the study of thermopower in these systems, both in the presence and absence of a quantizing magnetic field.
1-8 This is due to the fact that thermopower is a sensitive and powerful tool to probe transport properties involving different scattering mechanisms in materials. Two-dimensional (2D) graphene and related 2D Dirac materials are shown to have anomalous and universal thermoelectric properties due to the Weyl/Dirac dispersion of the emergent quasiparticles. 5, 9 Similarly, 3D Weyl systems have been shown to exhibit anomalous thermal properties due to the Berry curvature. [10] [11] [12] [13] [14] [15] [16] The literature contains an exhaustive study of the transport properties of these materials. However, the thermoelectric properties in the 2D anisotropic Dirac materials, such as VO 2 /TiO 3 , [17] [18] [19] organic salts, 20, 21 and deformed grapehene, [22] [23] [24] [25] have not been explored so far in details. These are relatively new types of semimetals, and are expected to have a quadratic dispersion in one direction, and a linear dispersion along the orthogonal direction. Due to this anisotropic dispersion, they exhibit unconventional electric and magnetic properties as opposed to the isotropic Weyl/Dirac systems. 26, 27 Since transport coefficients such as thermal conductivity and thermoelectric coefficients are determined by the band structure and scattering mechanism, it is natural to ask how this anisotropy can be leveraged in the thermal properties of these 2D systems, both in the presence and absence of quantized magnetic field.
In this paper, we study the thermal transport in such an anisotropic Weyl fermionic (half of a Dirac fermion) system, both in absence and in presence of an external magnetic field. We show that the thermopower in the zero magnetic field limit exhibits a complex dependence on chemical potential and temperature, which is in contrast to its isotropic counterpart. We also find that the presence of an external magnetic field leads to novel field-dependent thermal properties, leading to unsaturated thermopower. This field dependence differs notably not only from its isotropic counterpart, but also from the 3D Weyl systems. 28 This is attributed to the fact that the field dependence of the Landau spectrum (ε n ∼ (n B) 2/3 , where n is the landau level and B is the applied magnetic field 26 ) for such anisotropic Dirac systems differs from that (ε n ∼ √ n B) of the 2D and 3D isotropic Dirac systems. We note that a similar anisotropic situation arises in a 3D double-Weyl material, 13 where anisotropy is present in one of the three orthogonal directions. As expected, the transport properties of the 2D and 3D anisotropic cases are different due to a change in dimensionality. For example, the density of states (DOS) of 2D isotropic Dirac and 3D anisotropic double-Weyl turn out be ρ(ε) ∼ |ε|, whereas the 2D anisotropic Weyl case has the density of states equal to ρ(ε) ∼ |ε|. This feature shows up in the chemical potential and magnetic field dependence of the thermopower.
II. MODEL AND FORMALISM
We consider a model of 2D anisotropic Weyl fermion (AWF), with the Hamiltonian
17-19
where σ i 's are Pauli matrices, (k x , k y ) are the momenta in the x and y directions, respectively, m is the effective mass along the x-axis, and v is the effective velocity along the y-axis. We will use a = 2 2 m and b = v in the equations for simplifying the expressions. With these notations, the spectrum of Eq. (1) is obtained to
This anisotropic nature of the spectrum is expected to manifest in the thermoelectric properties of the system. The response matrix, which relates the resulting generalized currents to the driving forces, can be expressed in terms of some kinetic coefficients. We will use the relations obtained from the Boltzmann formalism, such that the response matrix takes the form:
where (α, β) ∈ (x, y), J Q is the heat current and J is the electrical current at temperature T , in presence of an electric field E. The expressions for the longitudinal thermoelectric coefficients are given by:
with
where s = ± is the band index, e is the electric charge, µ is the chemical potential and f (ε) = 1 1+e β (ε−µ) is the Fermi-Dirac distribution at inverse temperature β = 1 k B T (k B is the Boltzmann constant). The thermal conductivity and the Seebeck coefficient (thermopower) can now be defined as:
respectively. The Seebeck coefficient describes the voltage generation due to a temperature gradient.
For the anisotropic dispersion in Eq.
(1), we follow the methods outlined in Ref. 30 
Let us apply this convenient parametrization for calculating the DOS at energy ε > 0, which is given by:
Clearly, the DOS of the AWF differs from its isotropic counterpart, i.e, graphene, where ρ(ε) ∼ |ε| (see Appendix. A). Thus it is expected to have different thermopower and thermal conductivities, depending on the scattering mechanisms. However, it is not obvious how strongly this anisotropy will be manifested in the thermoelectric coefficients as functions of µ and T . In the following sections, we therefore compute the thermoelectric coefficients (i) for the free Hamiltonian, (ii) in the presence of short-range disorder, and (iii) in the presence of charge impurities. We then compare the results with those obtained for graphene. We also compare it with the isotropic and anisotropic 3D Dirac materials, wherever deemed necessary. Finally, we consider the case where an external magnetic field is applied, in order to determine the power-law dependence of the thermoelectric coefficients on the applied field strength.
III. THERMOELECTRIC RESPONSE FOR THE FREE HAMILTONIAN
Using the semiclassical approach for calculating the dc conductivity by assuming an energy and momentum independent scattering time τ , we get:
where Li s (z) denotes the polylogarithm function. For µ/(k B T ) 1, we obtain:
Evidently, the low-temperature longitudinal dc conductivities are direction-dependent, and have different doping dependence as opposed to the case of graphene ( for which σ xx = σ yy ∼ µ and hence is independent of temperature, as derived in Appendix A). The thermoelectric coefficients are obtained in a similar fashion, as shown below:
At low temperatures, i.e., µ/(k B T ) 1, we obtain:
As before, the low-temperature behavior of the offdiagonal longitudinal thermal coefficients have direction dependence on the chemical potential due to the anisotropic nature of the Hamiltonian. In contrast, L 21 αα for graphene is independent of chemical potential as it has L xx = L yy = π(k B T ) 2 . Although the individual coefficients in the AWF differ from those in graphene, the Mott relation still prevails at low temperature as follows:
To investigate the behavior of thermal conductivity κ, we next compute:
At low temperatures (µ/(k B T ) 1), we obtain:
By comparing Eq. (18) and (11), we recover the Wiedemann-Franz law,
αα , up to leading order in k B T . Finally, using Eq. (5), we get:
As expected, the thermal conductivities are anisotropic.
Let us also state our results in the opposite limit of µ/(k B T ) 1. In this high temperature limit, we get:
At high temperatures, the thermopower decays with temperature. This is in sharp contrast with the case of graphene, where high-temperature thermopower is found to be independent of temperature and approaches a limiting value. 
IV. DIFFUSIVE TRANSPORT DUE TO DISORDER
We now consider the case of short-range disorder, which is less realistic for Weyl/Dirac semimetals, because the relatively poor screening of charged impurities lead to longer-range potentials. Nevertheless, it is useful to investigate the predictions for the thermal properties in this case for the purposes of comparison. The short-range disorder potential has the following form:
where r i denotes position of impurity potential and V 0 denotes the strength of the impurity potential. The scattering time for such disorder potential is calculated to be
where τ 0 (ε) = π γ ρ(ε) , γ = V 2 0 n imp , and n imp is the impurity concentration. Considering this energy dependence of the scattering rate (τ ∼ 1 √ ε ), the transport coefficients at low temperatures (µ/(k B T ) 1) are found to be:
Thus the thermopower S xx follows the Mott relation, whereas the thermopower S yy is independent of temperature. This is in complete contrast with graphene, where thermopower vanishes for diffusive transport. 
V. TRANSPORT IN PRESENCE OF ELECTRON-ELECTRON SCATTERING
Presence of charged impurities in a material act as dopants, thus shifting the Fermi level away from the nodal points. The screened Coulomb potential generated by such impurities is given by:
where q TF is the Thomas-Fermi wave-vector. The transport relaxation time within the Born approximation is given by:
where
, φ kk is the angle between k and k and n imp is the impurity density. Using the parametrization introduced before, cos φ kk takes the form:
cos φ kk = s 0 α| cos θ| α| cos θ | + √ r r sin θ sin θ α| cos θ| + r sin 2 θ α| cos θ | + r sin 2 θ
. (26) where α = b 2 /a, s 0 = sign[cos θ] sign[cos θ ], and (r, r ) ≥ 0. For definiteness, let us consider the case when s = +. Since ε + k = r is independent of θ, we set θ = π 2 without any loss of generality. This leads to
Together with Eq. (27), (25) and (6), we obtain
where we have considered q T F = 0 for unscreened charge impurities. In this case, Eq. (28) can be further simplified in the various limits as follows (assuming α
The first limit is found from the leading order contribution of 2
, whereas the second limit is found from the leading order contribution of
. We emphasize that the scattering from the unscreened Coulomb interaction in graphene is known to be τ ∼ ε irrespective of the values of ε. In contrast, the anisotropy in Eq. (1) leads to a different expression for energydependent scattering for ε 1. Considering the leading energy dependent term for τ ∼ ε 5/3 , we find
Thus we recover the Mott relation of S αα ∼ T . However, the dc conductivities have an interesting chemical potential dependence.
VI. THERMOPOWER IN PRESENCE OF A MAGNETIC FIELD
Having obtained the zero magnetic field thermopower, we next turn to the finite field thermopower (Seebeck coefficent S xx ), namely the magneto-thermoelectic NernstEttinghausens effect. It is already known that the Seebeck coefficient can be expressed as S xx = S e n , where S is the total entropy, and n is the electron density. The total entropy can be expressed in terms of Fermi-Dirac distribution f function as:
where f n = f (ε n − µ), and ε n denotes the Landau level energy. For a magnetic field H = Hẑ, and using the Landau gauge A = (−H y, 0, 0), the Landau levels are obtained to be:
Here, ω c is the effective cyclotron frequency and n = 0, ±1, ±2, .... With this, we find:
wherex = β (ε n − µ), l b = e H is the magnetic length, and n fixes the Fermi energy through
Here the factor of 2 accounts for the hole Landau levels. For a high magnetic field strength, electrons are confined in a single Landau level. For simplicity, we consider the zeroth Landau level to be filled by the electrons. Under this proviso, we can approximate Eq. (34) as: This leads to µ = ε 0 − β −1 ln(π n l 2 b ), and we obtain:
where b i 's are parameters determined by the fitting of numerical solutions obtained from Eq. (35). In Fig. (1) , we show the numerical values of µ(H) for a fixed electron density. Clearly, we observe an excellent match between the numerical data and the approximate analytical results of Eq. (36). This result notably differs from the case of 3D Dirac/Weyl systems (having µ ∼ 1 H ) and doped semiconductors (having µ ∼ 1 H 2 ), as studied in Ref. 28 .
At low temperatures and high magnteic fields, Eq. (33) can be further simplified as:
Expanding Eq. (37), the field dependence of the Seebeck coefficent can be approximated as
, where a i 's are positive numbers. This is again in contrast with the behavior in the typical Dirac/Weyl systems and doped semiconductors. To verify this approximate field dependence, we numerically compute Eq. (33), together with the numerical solution of µ(H). In Fig. (2) , we have plotted the behaviour of S xx as a function of H. Clearly, the approximate field dependenence of S xx fits well with the numerical solutions.
VII. CONCLUSION
In this paper, we have studied the zero and finite-field thermoelectric coefficients in an anisotropic 2D Weyl system, with the two anisotropic directions having linear and quadratic dispersions respectively. We have shown that this intrinsic anisotropy leads to a novel doping and temperature dependence of the thermopower, compared to its isotropic counterpart. Our findings can be summarized as follows: (i) the low temperature dc conductivities have a different Fermi energy dependence as opposed to the case of graphene (having 2D isotropic Weyl dispersion); (ii) the high temperature thermopower decays with temperature in AWF, whereas it is independent of temperature in graphene; (iii) the relaxation rates due to diffusive and electron-electron interactions differ from the case of graphene, resulting in distinct expressions for the thermal and dc conductivities; (iv) the finite field thermopower has a novel magnetic field dependence, resulting in unsaturated thermopower. Thus, the doping and temperature dependence of the transport measurements can be used to distinguish Dirac materials exhibiting anisotropy.
Appendix A: Thermoelectric response for the 2D Weyl semimetal
In this section, we compute the response matrix for the 2D isotropic Weyl semimetal, with the Hamiltonian
Here we can use the usual polar coordinate parametrization k x = r cos θ and k y = r sin θ with r ≥ 0, such that the energy eigenvalues are given by ε 
The density of states is ρ(ε) = |ε| 2π v 2 . We compute the dc conductivity by assuming an energy and momentum independent scattering time, such that: 
At low temperatures, we get:
